Ammonothermal GaN growth using a novel apparatus has been performed on c-plane, m-plane, and semipolar seed crystals with diameters between 5 mm and 2 in. to thicknesses of 0.5-3 mm. The highest growth rates are greater than 40 m/h and rates in the 10-30 m/h range are routinely observed for all orientations. These values are 5{100Â larger than those achieved by conventional ammonothermal GaN growth. The crystals have been characterized by X-ray diffraction rocking-curve (XRC) analysis, optical and scanning electron microscopy (SEM), cathodoluminescence (CL), optical spectroscopy, and capacitance-voltage measurements. The crystallinity of the grown crystals is similar to or better than that of the seed crystals, with FWHM values of about 20-100 arcsec and dislocation densities of 1 Â 10 5 -5 Â 10 6 cm À2 . Dislocation densities below 10 4 cm À2 are observed in laterally-grown crystals. Epitaxial InGaN quantum well structures have been successfully grown on ammonothermal wafers. #
Introduction
Virtually all commercial semiconductor devices are based on native substrates. For example, Si devices are fabricated on single-crystal Si substrates, GaAs devices on GaAs substrates, and so on. While initial development of new device technologies has often begun with non-native substrates, once high quality native substrates became available homoepitaxial devices generally took over. To date, GaN is the exception. With the exception of laser diodes, which have been manufactured on bulk GaN substrates grown by hydride vapor phase epitaxy (HVPE) since about 2005, 1) most GaN-based devices today are manufactured on non-native substrates: GaN on sapphire or SiC for light emitting diodes (LEDs), GaN on Si or SiC for power switching, and GaN on SiC for radio frequency (RF) amplifiers. True bulk GaN is generally regarded as the ideal substrate for GaN-based devices but non-laser bulk-GaNbased devices have largely remained in the realm of research. Obstacles to widespread implementation of bulkGaN-based devices include high cost, limited diameter, and complex microstructure and/or stress and strain of commercially-available substrates.
Soraa, Inc. recently introduced an LED-based MR16 reflector lamp whose LED light engine is fabricated on native GaN substrates.
2) The new lamps are the first LED-based MR16 to produce equivalent light quality as incumbent halogen-based lamps, including a color-rendering index (CRI) as high as 95, with a fraction of the power consumption and a greatly improved lifetime. The design involves running the LEDs at considerably higher current density than other commercial LEDs and leveraging reduced droop in the GaN-on-GaN device structure. Reaction to the lamp has been positive but a number of commentators have raised concerns about the substrate cost. [3] [4] [5] Soraa responded that it has been able to achieve cost-competitive lamps today because the substrate is a small fraction of the overall cost and because of the large number of LEDs obtainable from a single wafer when run at high current density. 6) Clearly, however, a reduction in bulk GaN substrate cost is needed, particularly in the future as device and lamp costs drop.
The ammonothermal method has attracted considerable attention as a potential bulk GaN manufacturing method. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] Ammonothermal crystal growth is analogous to hydrothermal crystal growth (supercritical ammonia, NH 3 , rather than water as solvent), which is employed commercially to grow thousands of tons of -quartz per year at low cost and high structural quality. 1-in. and 2-in. diameter, true bulk GaN crystals, with a dislocation density of about 5 Â 10 3 cm À2 , a (002) X-ray rocking curve (XRC) with a full width at half maximum (FWHM) of as low as 15 arcsec, and a radius of curvature in the range of 100-1000 m, have been demonstrated by the Ammono company. 7, 8) The crystalline quality of this material is believed to be fully adequate for nextgeneration GaN devices. However, c-plane GaN growth rates in the Ammono and similar processes have remained small, at most about 2-5 m/h for stable planes, depending on crystallographic orientation, [9] [10] [11] [12] [13] [14] [15] [16] [17] despite many years of effort. It is hard to imagine a viable manufacturing process, with a low enough cost for large-scale implementation in LEDs, that produces boules only 2-3 mm thick after a month-long reactor cycle or a significantly longer cycle time. In addition, low growth rates increase the amount of time required to increase boule diameters to 2 in., 4 in., or larger. The growth rates are limited to a significant extent by the pressure and temperature capability of the nickel-based superalloy autoclaves 18) used for ammonothermal GaN growth. Much higher growth rates were reported by General Electric, 19) but these results were obtained using an apparatus that does not appear to be readily scalable to large volumes.
Experimental Methods
Soraa has developed a novel ammonothermal approach for growth of high-quality, true bulk GaN crystals at a greatly reduced cost. Soraa's approach, known as scalable compact rapid ammonothermal (SCoRA) and shown schematically in Fig. 1 , utilizes internal heating to circumvent the materialproperty limitations of conventional ammonothermal reactors. Raw material, including seed crystals, polycrystalline GaN nutrient, a mineralizer, and ammonia, are placed inside a capsule and sealed. The capsule is surrounded successively by a heater, a ceramic shell providing structural support and thermal insulation, and an externally-cooled steel outer shell that provides mechanical confinement. The use of steel rather than a nickel-based superalloy for the pressure apparatus greatly reduces the cost, including both raw material and machining costs, and enables forging to much larger volumes. The low thermal conductivity of the ceramic enables the steel shell to remain below 200 C even at an operating temperature of 750 C, maintaining high creep resistance. The SCoRA reactor has demonstrated capability for temperatures and pressures as high as 750 C and 600 MPa, respectively, enabling higher growth rates than conventional ammonothermal techniques, but is less expensive and more scalable than conventional autoclaves fabricated from nickel-based superalloys.
The SCoRA reactor may be used with a range of mineralizer chemistries. The configuration shown in Fig. 1 is appropriate for a mineralizer with a positive solubility coefficient, e.g., NH 4 Cl. With mineralizers showing retrograde solubility, e.g., NaNH 2 , the positions of the seeds and nutrient are reversed.
We typically use either HVPE bulk GaN substrates or previously-grown SCoRA crystals or wafers as seeds. After hanging the seeds on a rack, placing the rack and the desired quantities of GaN nutrient, mineralizer, and ammonia into the capsule, the capsule is hermetically sealed by welding and placed in the SCoRA reactor. The SCoRA reactor is then closed and the capsule heated to the desired temperature distribution for the desired length of time. After cooling and removal of the ammonia from the capsule, the capsule is removed from the SCoRA reactor, opened, and the grown crystals harvested and characterized. For the present study, growth temperatures and pressures ranged between 650-750 C and 100-600 MPa, respectively. The grown crystals were characterized by optical microscopy and by XRC analysis. The latter was performed using a PANalytical MRD PRO high-resolution four-circle X-ray diffractometer operating in a receiving slit mode utilizing Cu K radiation (1.5405 A) and a hybrid twobounce Ge(220) monochromator. A 0.5 source slit and a 1 mm vertical detector slit were used throughout the analysis. Both on-axis and off-axis ! rocking curves were measured for the (002) and (201) GaN reflections, respectively, for c-plane oriented GaN substrates. On-axis and off-axis ! rocking curves were also measured for the (100) and (102) GaN reflections, respectively, for m-plane oriented GaN substrates. In some cases the crystals were also examined by scanning electron microscopy (SEM), cathodoluminescence (CL) imaging and spectroscopy, electron channeling contrast imaging (ECCI), electron beam-induced current (EBIC), and capacitance-voltage and resistivity measurements. Although dislocations could be reliably detected and quantified by ECCI and by EBIC, we found that the concentration of threading dislocations on the surface orientations of interest (including (0001), (000 1), f10 10g, and several semipolar planes such as f10 1 1g) could be measured easily and reliably by etching in phosphoric acid, phosphoric/sulfuric acid solutions, or molten KOH/ NaOH. 20) Care must be taken in controlling the miscut of the sample surface as well as the etching temperature and time in order to avoid substantial under-counting of etch pits.
Epitaxial GaN and InGaN/GaN films and quantum-well structures have been grown by metalorganic chemical vapor deposition (MOCVD) at temperatures of 600-1100 C under conditions typically used by Soraa for fabrication of LEDs and laser diodes.
Results and Discussion
Examples of as-grown SCoRA crystals are shown in Fig. 2 . The crystals are transparent but yellow, due to residual impurities. Macro-steps, attributed to high supersaturation, have been observed occasionally [ Fig. 2(a) ]. Recent progress by others 21) in improving the transparency of ammonothermal GaN suggests that reducing impurity 18 cm À3 range. The crystallinity of the crystals, as quantified by either XRC or dislocation density measurements, is typically similar to or better than that of the seed crystal for material grown vertically with respect to the seed. Dislocation densities in such material ranged from about 1 Â 10 5 to about 5 Â 10 6 cm À2 . In SCoRA GaN crystals grown laterally with respect to the seed (defined by the normal projected on its largest surface), dislocation densities were typically much lower, less than about 10 4 cm À2 , as shown in Fig. 3 . This behavior is consistent with previous reports. 22, 23) XRC data for representative c-plane and m-plane crystals are shown in Fig. 4 . Our XRC measurements were performed with a 1/2 source slit and a 1 mm detector slit, producing a beam approximately 1 mm wide and 12 mm in length, so a considerable area of the surface was illuminated for these measurements. The sizeable breadth in the (002) reflection (tilt component) for the vertically-grown c-plane sample [ Fig. 4(a) ] is due mainly to crystallographic bow in the substrate, which has been fabricated by HVPE on a nonnative substrate, as verified by separate XRC characterization of the HVPE seeds. The twist component, (201) reflection, shows a narrower, more symmetric single peak, indicative of good initial nucleation of the SCoRA GaN on the HVPE seed crystal. By contrast, the linewidths of both the laterally-grown c-plane crystal and of the verticallygrown m-plane crystal are quite narrow. Not shown here, re-growth of SCoRA GaN on seed crystals prepared from above material routinely yields high structural quality with the FWHM for above mentioned XRC reflections <30 arcsec, proving the crystallographic perfection of SCoRA GaN.
For device applications, of course, wafers are needed rather than crystals, and we have begun performing wafering operations and epitaxy evaluation of the SCoRA crystals. A number of small size ($1 cm 2 ) SCoRA crystals have been oriented, sliced, lapped, polished, and chemical-mechanically polished to nominally epi-ready condition. The rootmean-square roughness on the SCoRA wafers is typically about 0.1 nm, as measured over a 20 Â 20 m 2 area. Epitaxial GaN and InGaN/GaN layers were grown on SCoRA wafers by MOCVD. The morphology of one such layer, grown on an m-plane SCoRA wafer, is shown in Fig. 5 . The surface is seen to be quite smooth, although some surface features are visible. We believe the surface features are due mainly to residual surface contamination. Preliminary characterization of the InGaN/GaN layers has been performed by photoluminescence (PL) and by electroluminescence (EL). The intensity and FWHM of the PL spectrum are virtually identical to that obtained on an identical InGaN/GaN structure deposited on a free-standing HVPE substrate. Unfortunately, quantification of the EL signal was complicated by absorption of some of the light emitted by the InGaN quantum well structure and by emission of yellow luminescence by the substrate. Whereas it is evident that the structural quality of SCoRA GaN is already high enough to fabricate commercial-quality homoepitaxial layers, it is clear that further development work will be needed, including improvement of the transparency and luminescence properties of our crystals and of the surface cleaning procedures for our wafers.
